In this chapter the recommendations and guidelines of the World Health Organization (WHO) concerning water, sanitation and health will be evaluated in the light of disease caused by human pathogenic viruses. The focus will be on drinking water safety.

WHO guidelines for drinking water quality {#section.0010}
=========================================

From end product monitoring to prevention {#section.0015}
-----------------------------------------

In 1983--1984 and 1993--1997, respectively, the WHO published the first and second editions of the Guidelines for Drinking Water Quality (GDWQ). The development of these Guidelines in the 1980s was a significant departure from previous 'international standards', emphasising their advisory nature to national governments and the importance of their adaptation to take account of national and local socio-cultural, environmental and economic circumstances. This philosophy was maintained in the second edition, which provided guidance on many more individual chemicals. In 1995, it was decided to revise the guidelines to account for advancing scientific knowledge with respect to drinking water quality. This especially related to microbial hazards and infectious disease risks. Since the early 1990s, a process of 'rolling revision' of the GDWQ has led to more frequent updating including additional publications regarding the chemical and microbiological aspects of drinking water quality and toxic cyanobacteria in water and addenda to the Guidelines themselves. All these publications and the Guidelines are freely available on the Internet ([http://www.who.int/water_sanitation_health/dwq](http://www.who.int/)).

The third edition of the WHO GDWQ was launched in September 2004 at the 'World Water Congress' in Marrakech, Morocco. According to these guidelines, access to safe drinking water is a component of effective policy for health protection. Requirements to ensure drinking water safety include both minimum procedures and specific guideline values as described in the WHO GDWQ, which also describes how to use these requirements. The multiple barrier approach, including source protection, appropriate levels of treatment and protection of water safety during distribution, is a basic principle for the reduction of health consequences by consumption of drinking water.

The guidelines outline a preventive management 'framework for safe drinking water' ([Fig. 1](#fig1){ref-type="fig"} ). The framework includes 'health-based targets' to assist national authorities who are normally responsible to set the targets for the protection of public health from risks by exposure to drinking water. Water suppliers are responsible to meet these targets by the most appropriate means under local circumstances by specific control measures in the drinking water supply and also by defining management actions in case of regular situations or incidents. Assessing the adequacy of systems, defining and monitoring control measures and establishing management plans are the three components of the so-called 'water safety plans' (WSPs). Achievement of health-based targets may be verified by independent surveillance to assess the safety of the drinking water through additional verification or audit-based approaches. This framework for safe drinking water can be adapted according to environmental, social, economic and cultural circumstances of drinking water provision on the national, regional or local level.Fig. 1Framework for safe drinking water ([@bib129]).

The fourth edition of the WHO GDWQ is planned for 2009 that would include viewpoints on topics such as safe drinking water for vulnerable groups. Addenda for this edition have been published in 2006 and 2007 ([http://www.who.int/water_sanitation_health/dwq](http://www.who.int/)).

Water-related viruses {#section.0020}
---------------------

The WHO GDWQ concerns prevention of waterborne diseases by exposure to microbial, chemical and radiological hazards in the drinking water. Microbial hazards are still considered to be of major concern for providing safe drinking water in both developed and developing countries. Infectious diseases caused by pathogenic bacteria, viruses and parasites (e.g. protozoa and helminths) are the most common and widespread health risk associated with drinking water.

The true waterborne diseases are part of a wider range of water-related disease. Water-related disease may be water-based, water-washed, waterborne or be transmitted by water-related insect vectors ([@bib12]). Insect vectors breeding in water or insect vectors only biting near water cause water-related infectious disease. Some viruses are water-related such as dengue virus and the flavivirus causing yellow fever. These viruses are transmitted via the bite of specific mosquitoes. Water-based diseases are typically caused by parasitic worms not virus infections in which waterborne hosts support an essential part of the life cycle of the infecting agent. Waterborne diseases are caused by the ingestion of water contaminated by human and/or animal excreta and secreta containing pathogenic bacteria, viruses or parasites, which are passively carried in the water supplies. Most water-related viruses are waterborne such as poliomyelitis virus, rotavirus, norovirus (NoV) and hepatitis A and E viruses (HAV and HEV, respectively). Water-washed diseases are the result of lack of water. This leads to poor personal hygiene and allows skin or eye infections to develop and spread easily through personal contact or contact with contaminated water. An example of a water-washed virus is adenovirus though some adenoviruses are typically waterborne. Most waterborne diseases can also be water-washed because inadequate personal hygiene facilitates faecal--oral disease transmission.

Besides the well-known water-transmitted viruses (see Chapters 2--4), infection and disease may be associated with (re-)emerging viruses such as the water-related chikungunya virus and emerging viruses such as severe acute respiratory syndrome (SARS) coronavirus and avian influenza virus (see [Text box 1](#txb1){ref-type="boxed-text"} ). Also, mutation and recombination of existing virus strains may lead to (re-)emergence such as described for vaccine-derived poliovirus (see Chapter 4). As a group, water-transmitted viruses can cause a wide variety of infections and symptoms involving different routes of transmission, routes and sites of infection and routes of excretion. Most water-transmitted virus infections occur asymptomatically or cause diarrhoea and self-limiting gastroenteritis in humans. Some waterborne viruses may cause respiratory infections, conjunctivitis, hepatitis and diseases that have high mortality rates; such as aseptic meningitis, encephalitis and paralysis. In addition, some of these viruses such as specific human enteroviruses have been linked to chronic diseases such as myocarditis and type 1 diabetes mellitus ([@bib132]). As yet other long-term health effects, such as cancer, are not readily associated epidemiologically with water-transmitted viral disease ([@bib4]).Text box 1The WHO publication *Emerging Issues in Water and Infectious Disease* provides knowledge and guidance to information sources on the evolution of infectious disease, the emerging waterborne pathogens, new environments and technologies that may influence emergence. It describes scientific advances in water microbiology and changes in human behaviour and vulnerability to broaden awareness and enhance preparedness about the changing world and its associated hazards ([http://www.who.int/water_sanitation_health/emerging/emerging.pdf](http://www.who.int)).

Faecal--oral transmission is the most well-known route of infection with waterborne viruses though other excreta (e.g. urine) and secreta (e.g. sweat) may also play a role in virus transmission via water which is less well studied. Transmission through aerosols and droplets derived from contaminated water may also lead to virus infection. A recent example of such environmental transmission of predominantly person-to-person transmitted flu-like viruses was the spread of SARS coronavirus in the large, private apartment complex Amoy Gardens in Hong Kong in 2003 ([@bib78]).

Since water-transmitted viruses do not grow in water, their numbers are determined by the extent of excretion/secretion into the environment followed by subsequent disintegration (see Chapter 5). The number of water-transmitted viruses in the water is determined by shedding of viruses by symptomatic patients as well as asymptomatically infected humans. Moreover, initially zoonotic viruses may be excreted by both the animal and the human host (see [Text box 2](#txb2){ref-type="boxed-text"} ).Text box 2The WHO book on *Waterborne Zoonoses: Identification, Causes and Control* provides a critical and balanced assessment of current knowledge about waterborne zoonoses and identifies strategies and research needs for anticipating and controlling future emerging water-related diseases ([http://www.who.int/water_sanitation_health/diseases/zoonoses.pdf](http://www.who.int)).

Subsequent virus disintegration in the environment depends on the specific sensitivity of the virus to inactivation, e.g. by radiation, temperature and its tendency to attach or aggregate with particles (reviewed by [@bib55]). Viruses that are efficiently transmitted via blood or respiratory droplets generally have a limited resistance in the water, such as human immunodeficiency virus (HIV), whereas other, mainly faecal--oral transmission of viruses such as poliovirus, are much more resilient ([@bib81]). This range of viral resistance in the water is defined by the virus properties such as size, shape, charge, etc. The possible public health threat of (re-)emerging viruses should be assessed based on these particle characteristics. For example, SARS lead to the investigation of previously described respiratory agents such as *Legionella*. The newly identified SARS coronavirus was initially characterised as a respiratory virus without estimating its potential for transmission via water ([@bib61]). Subsequent research showed the common high level of excretion in faeces from infected individuals ([@bib20]). Experimental studies showed stability of infectious virus for several days in different liquid environments ([@bib22]). This outlines the need for a proper assessment of the potential role of drinking water in SARS coronavirus transmission and in general in the transmission of emerging viruses. Another public health concern arises from the high infectivity as determined for most viruses emphasising the significance of the presence of each infectious virion in water for human use. The probability of infection from exposure to one or a few virus particles in water has been described for several waterborne viruses ([@bib41]; [@bib69]).

Health-based targets {#section.0025}
--------------------

Faecally derived pathogens are currently the principal concerns in setting health-based targets for microbial safety of drinking water. Health-based targets are set by national authorities to protect and improve drinking-water quality such as with respect to the quantity and type of viruses present and, consequently, human health from viral disease. Health-based targets to reduce the waterborne disease burden may take different forms and are best derived using quantitative risk assessment, taking into account local conditions and hazards including epidemiological evidence of waterborne disease. International guidance on good practice is available to assist this ([@bib129]). Typically performance and health-outcome targets are suitable as types of health-based targets for microbial hazards such as human pathogenic viruses in drinking water ([Table 1](#tbl1){ref-type="table"} ).Table 1Health-based targets as applicable for microbial, e.g. viral, hazardsType of targetNature of targetTypical applicationsAssessmentHealth outcome•Epidemiology based•Reduction in detected disease incidence or prevalence•Microbial hazards with high measurable disease burden largely water associated•Quantitative microbial risk assessment•Risk assessment based•Tolerable level of risk from contaminants in drinking water, absolute or as a fraction of the total burden by all exposures•Microbial hazards in situations where disease burden is low or cannot be measured directly•Public health surveillance and analytical epidemiologyPerformance•Generic performance target for removal of groups of microbes•Microbial contaminants•Compliance assessment through system assessment and operational monitoring•Customised performance targets for removal of groups of microbes•Microbial contaminants•Individually reviewed by public health authority; assessment would then proceed as above

### Health outcome target {#section.0030}

The health outcome target is the target type for which health effects and drinking-water management are most closely linked, but is not often applicable in practice and other types are more frequently used. Health-outcome targets are most useful in case of a measurable burden of water-transmitted disease, e.g. that associated with the presence of human pathogens in small water supplies both in developing and developed countries. It requires effortless and reliable monitoring of changes in exposure. Several aspects may hamper establishing the attributable risk of waterborne viral disease. First of all, it may be difficult to distinguish viral disease from disease with similar symptoms but caused by other pathogens such as bacteria and parasites. Gastroenteritis may manifest itself with very general complaints such as abdominal cramps, fever, nausea, vomiting, diarrhoea, etc. On the other hand, projectile vomiting is characteristic for specific viruses, i.e. NoV, and bloody diarrhoea is quite uncommon with viral gastroenteritis. The same holds true for hepatitis that may be associated with either one of two specific waterborne viruses (HAV and HEV) or one other virus out of five different virus families but also with alcohol abuse or, though uncommonly, microsporidia infection. Second, it may not be possible to discern water-transmitted disease from disease contracted via other routes such as person to person, utensils or food. And in case of food, the transmission route may involve water such as preparation of lemonade or ice cubes and irrigation or washing of crops (see [Text box 3](#txb3){ref-type="boxed-text"} ) with virally contaminated water. The virus infections and symptoms resulting from either described route of transmission will be the same. Moreover, in the presence of other obvious high-risk exposures the drinking water may not be considered as the source of infection and disease, for instance in case of bottled water versus fruits or vegetables consumed raw. Nevertheless, if locally food-borne disease encompasses a higher burden as compared with waterborne disease, then it should be given correspondingly greater attention taking also into account costs and impacts of available interventions.Text box 3The WHO Guidelines for the safe use of wastewater, excreta and grey water describe health-based targets and good management practices to safeguard the health benefits such as better nutrition and food security for households and at the same time control the possible negative health impacts from exposure to hazardous substances such as viruses ([@bib130]; [http://www.who.int/water_sanitation_health/wastewater/gsuww/en](http://www.who.int)).

A third aspect hindering the estimation of waterborne viral disease burden is the incubation period; it may take several weeks for some viral diseases such as hepatitis to manifest themselves. The time of peak contamination in the source, failure in treatment or contamination in the distribution may be long gone. Also the drinking water may comply with regulations involving bacterial counts but these may be insufficient with respect to reduction of human pathogenic viruses. And fourth, the primary source may be drinking water but in case of high-level secondary transmission from person to person this may go unnoticed. However, in recent years methodology and awareness have improved greatly resulting in more and more publications on drinking-water disease outbreaks ([@bib93]). Remarkably few outbreaks were described associated with exposure to enteroviruses in drinking or recreational waters. Recently, large outbreaks with hundreds of cases of meningitis were reported for both types of exposure ([@bib45]; [@bib3]). Also, the causative agent of the first reported waterborne outbreak of hepatitis E in Delhi, India in 1955 and 1956 was not identified until the 1990s with the advances in molecular and immunodiagnostics ([@bib133]).

Health outcome-based targets may also be based on the results of quantitative microbial risk assessment (QMRA; see Chapter 8). In these cases, health outcomes are estimated based on information concerning exposure and dose--response relationships. However, with regard to QMRA also there are limitations in the available data and models (see Section *Risk management*). In addition, uncertainties such as short-term fluctuations in water quality may have a major impact on overall health risks---including those associated with background rates of disease and outbreaks---and are a particular focus of concern in expanding application of QMRA. Nevertheless, QMRA may be very useful in directly assessing data gaps if not in actual assessment of risks for consumption of drinking water. The results of a QMRA may be employed as a basis to define water quality targets or may provide the basis for development of performance targets (see Section *Performance target*).

### Performance target {#section.0035}

In contrast with health outcome targets, performance targets are frequently applied to the control of microbial hazards in piped supplies of any size though there is less accrued experience in their application to source protection or distribution than there is to treatment processes and systems ([http://www.who.int/water_sanitation_health/dwq/en/safepipedwater.pdf](http://www.who.int/)). Performance targets are also readily applied to wastewater re-use systems ([@bib130]). Performance targets aid the selection and use of control measures to achieve acceptable source water quality and treatment efficiency. These control measures must ensure the prevention of pathogens breaching the barriers of source protection, treatment and distribution systems or preventing growth within the distribution system.

Targets for the removal of pathogens preferably are derived from location-specific data on source water quality. The source water may be groundwater or surface water or a mixture of both. Groundwater may be initially free of pathogenic viruses because of age. If water seeps through soil before reaching the groundwater, it may be effectively purified with respect to viruses depending on soil and virus type ([@bib135]). However, shallow and/or unconfined groundwater may be contaminated through leaking of viruses originating from host ex-/secretions near the source or through flaws in the extraction process (see [Text box 4](#txb4){ref-type="boxed-text"} ).Text box 4The WHO book on *Protecting Groundwater for Health: Managing the Quality of Drinking Water Sources* is a tool for intersectoral development of strategies to protect groundwater for health providing different points of entry ([http://www.who.int/water_sanitation_health/gdwqrevision/groundwater/en/](http://www.who.int)).

In case of surface water, the number and type of human pathogenic viruses depend on the proximity of the viral reservoirs and dilution and inactivation of the viruses between point or diffuse source and the intake location for drinking (water production). Rainwater may also be used as drinking water. This type of source water may be more likely to be microbially contaminated by animal faeces if the rainwater is collected on rooftops with birds and rodents in the vicinity. Hantavirus infection is widely spread among rodents such as different types of mice and rats. On the other hand, poor hygienic and sanitation conditions associated with the design of the reservoir or tap may lead to viruses originating from human faeces. To date no study has been conducted for the presence of human pathogenic viruses in rainwater. Alternatively, seawater may be used as a source for drinking water by use of desalination. However, both bacteriophages and human pathogenic viruses were found to be very prevalent in seawaters ([@bib105]). Viruses seem to be readily inactivated in natural seawaters ([@bib128]). So far nothing is known about the reduction of human pathogenic viruses by desalination but membrane systems such as reverse osmosis and electrodialysis, which are the newest approach to desalination, are known to be very efficient in virus removal. Though desalination remains one of the most expensive ways to produce drinking water, these new advances and the increasing water scarcity may push the use of seawater ([@bib97]; [http://www.who.int/water_sanitation_health/gdwqrevision/desalination/en/](http://www.who.int/)).

The quality of source water with respect to human pathogenic viruses thus highly depends on the circulation of particular viruses in the human population and with respect to zoonotic viruses in the animal population. Specific clinical data or source water quality data may not be available for human pathogenic viruses or for the location. In both developing and developed regions, viral disease is often classified as non-bacterial, probably viral, but never confirmed. In absence of specific data, national or regional data and/or data on viruses such as bacterial viruses (bacteriophages) may serve as input for setting performance targets. In this respect, free data sharing among researchers and risk managers is a key to successful reduction of the environmental spread of pathogenic viruses and reduced burden of water-transmitted viral disease.

Depending on the specific source water quality, the required performance target as in reduction of viruses by treatment can be set. These requirements concern control measures that must ensure both sufficient and robust virus reduction. The treatment efficiency that is needed to produce drinking water of acceptable quality with respect to viruses can be estimated by means of a system assessment (see Section *Risk management*). Alternatively in case of a high disease burden the efficiency of point-of-use treatment may be assessed with a surveillance programme. A multiple barrier approach including several treatment steps will facilitate a constant drinking water quality. However, besides knowledge of source water quality this requires trained operators and straightforward risk management actions (see Section *System assessment*). Moreover, the viral water quality often varies rapidly and over a wide range ([@bib127]). Treatment processes should be evaluated with respect to handling of short-term fluctuations as well as their potential to be the source of short-term fluctuations.

The role of the distribution system in the fate of human pathogenic viruses in drinking water so far has not been the focus of many studies ([@bib107]). The question is whether human pathogenic viruses benefit from their transport in the distribution system, for instance by the presence of biomass or biofilms preventing their inactivation. Or that growth in the distribution system may be considered as an additional treatment step aiding virus reduction in drinking water before consumption. Performance requirements are also important in certification of devices for drinking water treatment and for pipe installation that prevents ingress. Leaks or human error leading to unintended incorrect connections may be an important attributor to virus-associated disease outbreaks ([@bib54]).

The choice of an index virus to be able to target the group of human pathogenic viruses is very useful not only to indicate source water quality but also to estimate the reduction of viruses in the treatment of the source water and virus dynamics in the distribution system. Including different viruses reflecting the diverse characteristics with respect to their replication rates, natural reduction and reduction by treatment will improve the eventual drinking water quality by optimising the drinking water supply from source to tap. For viruses transmitted by the faecal--oral route, drinking water is only one vehicle of transmission. Contamination of food, hands, utensils and clothing can also play a role, particularly when domestic sanitation and hygiene are poor. Since water is the most important transmission route for some viruses whereas others are mainly transmitted via food or person to person, improvements in the quality and availability of water, in excreta disposal and in general hygiene are all important in reducing faecal--oral transmission of viruses. In combination with target microbes representing other pathogen groups, i.e. bacteria, parasites and helminths, performance targets can be developed that encompass both control challenges and health significance for a broad range of pathogens. In addition to source water quality, treatment efficiency and distribution, disease burden and dose--response relationships for specific pathogens serve as the basic parameters for the derivation of performance targets. Performance targets may be derived in relation to exposure to specific pathogens; however, account should be taken of the impact of short-term peaks in virus concentration on overall exposure and therefore the risk of drinking water disease.

Reference level of risk {#section.0040}
-----------------------

To be able to establish the possible public health priority of reduction of water-transmitted viral disease as compared with other burdens of disease, a reference level of risk for the comparison of diseases is useful. A common denominator for disease burden enables a consistent approach for dealing with each hazard. Water-transmitted disease may be compared with disease contracted via other pathways. Similarly, viral diseases may be compared with disease associated with other pathogen groups or with each other. The hazard identification may be hampered, though, by the equivalence of disease symptoms of viral and non-viral diseases as explained above for gastroenteritis and hepatitis that may have alternative causes. A common metric taking into account differing probabilities, severities and duration of effects is the disability adjusted life year (DALY) widely used by WHO in the GDWQ. The range of differing severities, including acute, delayed and chronic effects and both morbidity and mortality associated with the specific viral pathogen have to be known. In addition, infection with a water-transmitted virus may have more severe disease outcome in vulnerable individuals as compared with the general population. This, for instance, holds true for HEV infection with a relatively high mortality rate among pregnant women ([@bib94]).

In two ways viruses transmitted via water may be specifically significant as compared with other routes of transmission or other pathogens. One, major changes in viruses leading to a possibly more virulent, infectious or pathogenic virus type may result from recombination; this in contrast with other pathogens. In particular recombination may occur if the host is exposed to multiple virus variants from the same species. These double infections are more likely to occur as a result of consumption of drinking water or water-contaminated foods but not of person-to-person transmission. Two, consumption of virus-contaminated drinking water from a reservoir or served by a piped distribution reaches a relatively large part of the population rapidly leading to many exposures of humans and perhaps animals. And more generally, by means of the described approach employing a reference level of risk it may become evident that waterborne viral disease is a far more important public health challenge than frequently appreciated.

Water safety plans {#section.0045}
==================

Hazard analysis and critical control point (HACCP) has been a breakthrough in the control of food safety initially applied for the safety of foods for the manned space programme in the 1960s. The principles of HACCP are based on developing an understanding of the system, prioritising risks and ensuring that appropriate control measures are in place to reduce risks to an acceptable level. These same principles have been long applied in drinking water safety management and more recently have been refined and tailored to the context of drinking water ([@bib46]) following the application of HACCP by several water utilities in the world (see example for Australia in <http://www.who.int/wsportal/wsp/en/>). Such a systematic management approach to water safety by the water suppliers was translated by WHO into a so-called WSP that incorporates system protection and process control. The WSP objectives are to ensure safe drinking water through good water supply practice. This involves preventing contamination of source waters, treating the water to the extent necessary to meet health-based targets and preventing contamination during storage, distribution and handling of drinking water. A WSP comprises system assessment and design, operational monitoring and management plans, including documentation and communication, concerning all aspects of the drinking water supply from catchment to consumer. The WHO GDWQ asks for the inclusion of management plans as an integral part of the WSPs. These plans should describe actions to be taken during normal operation or incident conditions. The system assessment should be documented (including upgrade and improvement). Furthermore, monitoring and communication plans and supporting programmes should be described. In this way the management and control of drinking water supply are safeguarded and continued through systematic and detailed assessment and prioritisation of hazards and the operational monitoring of barriers or control measures. Moreover, in case of emergencies plans of action are in place with consent of the people involved, which can be readily initiated, and these plans have been rehearsed in emergency drills. The control measures as described in the WSP will be effective to protect public health from water-related viral disease. WSP issues, specifically with respect to human pathogenic viruses in drinking water, are discussed below.

System assessment {#section.0050}
-----------------

Risk assessment has been used for decades, initially for decision making in psychotherapy and vaccination strategies, and today for management of pandemics such as influenza and AIDS. In 1993, the application of this tool was first described for exposure to pathogenic viruses in treated drinking water, since it is difficult to estimate risks posed from exposure to low levels using epidemiology ([@bib41]). According to the US National Academy of Sciences, the successive steps of the risk assessment include the hazard identification, exposure assessment, dose--response modelling and risk characterisation to estimate the probability and consequences of infection---here specifically for individuals consuming various levels of viruses in the drinking water. Risk assessment should be considered as an ongoing process to allow advances in research and technology to be fed back into the risk characterisation. As stated in the WHO GDWQ, a system assessment establishes the capacity of a drinking-water supply to deliver water of a quality that meets the health-based targets. This also includes the assessment of design criteria for new systems and upgrading of existing systems.

### Hazard identification {#section.0055}

The word *virus* translated from Latin means slimy liquid, slime or poison, especially of snakes' venom; any harsh taste or smell. Clearly, a virus as intended in this book is unwanted in drinking water and should be considered a hazard: a biological agent that has the potential to cause harm. A number of issues have to be taken into account to determine those viruses that may be water-related and need to be considered in the specific system assessment.

#### Human and animal sources {#section.0060}

The viruses that may cause disease in humans may be derived from humans or animals. More specifically, numerous human pathogenic viruses are shed in human and animal excreta (i.e. faeces, urine, vomitus), secreta (i.e. saliva, tears, semen, mucus, sweat) and blood of infected individuals. In addition, viruses may target specific host organs such as the liver or the heart and therefore these organs will harbour viruses. Porcine HEVs phylogenetically related to human HEV strains were shown to be shed in different bodily fluids and tissues of pigs such as faeces and liver ([@bib17]), but it is yet unknown if HEV is shed in human fluids other than serum and faeces. Viruses account for the highest infection risks through accidental exposure of health care workers ([@bib111]), but often a broad investigation of viruses in bodily fluids of humans has not been done leaving broad knowledge gaps ([Table 2](#tbl2){ref-type="table"} ).Table 2Incomplete but informative list of virus types present in human excreta and secretaFaecesUrineSalivaTearsSweatReferenceAdenovirus++++?[@bib95], [@bib44], [@bib56]Aichivirus+????[@bib134]Astrovirus+????[@bib40]Enterovirus+++??[@bib95], [@bib82]Hepatitis A virus+?+??[@bib75]Hepatitis C virus+?+?+[@bib6], [@bib84]Hepatitis E virus+????[@bib108]Norovirus+????[@bib48]Parvovirus??+??[@bib95]Picobirnavirus+????[@bib14], [@bib5]Polyomavirus++???[@bib44], [@bib7]Reovirus+????[@bib35]Rotavirus+????[@bib11]Sapovirus+????[@bib91]SARS coronavirus+++?+[@bib125], [@bib20]TT virus+--++--[@bib76][^1]

Typically numerous viruses are shed in human faeces (reviewed by [@bib13]). Most of these viruses replicate in the gastrointestinal tract and are referred to as enteric viruses (see Chapters 2 and 3). Some viruses are renowned for their excretion in urine such as polyomavirus JC but also human papillomavirus (HPV), cytomegalovirus, hepatitis B viruses (HBV) and more recently SARS coronaviruses. The most common viruses to be secreted in saliva are HBV, HPV and cytomegalovirus, but recently HAV, a well-known food- and waterborne virus, was also associated with human saliva ([@bib75]). In addition, saliva and throat wash of SARS patients were positive for the presence of the specific coronavirus ([@bib125]). Hepatitis C viruses replicate in sweat glands leading to virus release in sweat of patients ([@bib84]). Torque teno virus (TTV) DNA was detected in tears as well as in saliva, breast milk, semen, blood, faeces and vaginal fluid whereas no evidence was found for the presence of the virus in urine and sweat.

For viruses shed in bodily fluids and organs the probability of being transmitted via water is largely determined by their circulation in the population, their ability to reach water resources and their inactivation rate in water. These issues may be unknown besides the existing knowledge gaps on virus shedding in the absence of specific research efforts or lack of access to the results by means of international, peer-reviewed journals or other accessible publications. Also, epidemiological evidence for viruses to be water-related may be lacking but this may be a research bias as explained in Section *Health outcome target*.

#### Drinking water outbreaks {#section.0065}

If information on specific virus types causing waterborne outbreaks exists (see Chapters 2 and 3) then outbreak data should be collected including the number of patients, their exposure and the number and type of viruses in the contaminated water to characterise the hazard and determine a dose--response relation (the latter instead of or in addition to human volunteer or animal studies). Numerous waterborne outbreaks of mainly NoV-associated gastroenteritis have been described originating from contaminated drinking water but often the descriptions are anecdotical or at best an epidemiological association was determined between exposure of the patients and the common water source. With the improvement of detection methods with respect to sensitivity and specificity the causative agent can be detected more often in the water and typed with similar sequences in the patients and the common water source. Especially screening of patient samples for the virus followed by specific design of the detection method for monitoring the environment enhances the chance of success in confirming the link ([@bib136]; [@bib50]). In some instances, the cause of the drinking water contamination is resolved and the drinking water was found to be contaminated by sewage through pump failure or blockage of a sewage system. In other cases, inadequate or failing treatment processes lead to insufficient removal of viruses from source waters for drinking water production. Only recently enteric cytopathic human orphan (ECHO) virus type 30 has been identified as an important waterborne agent of meningitis in different parts of the world. The possibility for enteroviruses to be transmitted via drinking water ([@bib3]) or recreational water ([@bib45]) was not recognised previously though numerous enterovirus-associated meningitis outbreaks have been described for decades. These data confirm the value of outbreak investigations.

#### Selection and prioritisation of viral hazards {#section.0070}

To be able to select and prioritise human pathogenic viruses to be included in the system assessment, criteria concerning the extent of the health risk, the waterborne transmission and the quantitative risk assessment need to be set. First of all, location-specific information on the prevalence of the virus infection and disease in the population is essential though it may be substituted by, for instance, knowledge on human pathogenic viruses in sewage or surface waters. Furthermore, viral disease outcomes, ranging from asymptomatic through severe defects to death ([Table 3](#tbl3){ref-type="table"} ), largely determine the health-based targets, since prevention of a high disease burden will be a more effective intervention as compared with prevention of disease with an overall low burden (see Section *Health-based targets*). The burden of viral disease involves the severity of disease as well as prevalence. For instance, if overall more individuals experience episodes of mild, limited viral gastroenteritis in a specific region then patients with a more severe health outcome, viral hepatitis, should also be considered in setting the health-based targets. Besides being dependent on the pathogenicity of the virus, the severity of viral disease also depends on the susceptibility of the host. The disease burden of rotavirus in high-income countries is much lower than in low-income countries with a much higher susceptible fraction of the population and more severe outcome of the infection ([@bib47]; [http://www.who.int/water_sanitation_health/bathing/en/](http://www.who.int/)).Table 3Disease outcomes of human pathogenic virusesDisease outcomeCausative viral agentReferenceConjunctivitisAdenovirus, enterovirus[@bib112]GastroenteritisAdenovirus, aichivirus, astrovirus, enterovirus, norovirus, picobirnavirus, rotavirus, sapovirus[@bib36]HepatitisHepatitis A--G virus, TT virus[@bib73]LeukoencephalopathyPolyomavirus[@bib58]MeningitisEnterovirus, reovirus[@bib53]MyocarditisAdenovirus, enterovirus, parvovirusPoliomyelitisEnterovirusSARSSARS coronavirus

The extent of the health risk associated with a specific virus is also determined by the ability to treat the virus infection and the availability of the treatment. Though the area of antiviral treatment is rapidly advancing, there is no cure for many viruses and in many countries there are no means to administer drugs to people in need. Vaccination strategies to prevent viral disease have been very successful. Smallpox was eradicated in 1978 and the eradication of poliomyelitis is in sight. (Re-)emergence of vaccine-preventable viral diseases should be monitored such as disease caused by vaccine-derived polioviruses, which can be efficiently transmitted via water (see Chapter 4). The possibility of a virus to spread epidemically and/or endemically is important in waterborne transmission because of the level of viruses circulating in the asymptomatic and symptomatic population and the total burden of viruses shed into the environment, and if relevant, also those viruses derived from animals. In case of HEV it was found that the consumption of liver and blood of domestic pigs, wild boar and/or deer leads to infections with HEV variants causing hepatitis E in the exposed individuals ([@bib68]). The human HEV strains were phylogenetically related to the animal variants ([@bib71]). Moreover, HEV transmission is primarily water- and food-borne but may also be transmitted via blood transfusion, contact with sewage or animals or vertical transmission ([@bib106]; [@bib115]; [@bib68]). These routes of HEV transmission appear to be more efficient as compared with person-to-person transmission ([@bib109]). Other possible zoonotic viruses such as some porcine NoV and sapoviruses (SaV) are genetically or antigenically related to human strains ([@bib124]). Recombinants within NoV and SaV occur for human and pig strains, and the high prevalence and sub-clinical infection rate of these viruses in pigs raise questions of whether pigs may be reservoirs for human strains or for the emergence of new human and porcine recombinants. The occurrence of zoonotic virus strains stresses the need to take animal reservoirs into consideration regarding source protection and when assessing the health risk for drinking water.

#### Environmental surveillance {#section.0075}

In addition to disease surveillance in the population to whom the (produced) drinking water is delivered, environmental surveillance can aid the identification of the viral hazards by typing and quantification. Data resulting from studies on human pathogenic viruses in sewage and surface waters are accumulating. Raw sewage waters were shown to contain human enteric viruses such as enteroviruses, reoviruses, rotaviruses, NoV and HEV ([@bib15]; [@bib122]; [@bib70]). In most studies presence/absence data were shown but the virus concentrations were not determined. Though some viruses such as specific entero- and adenoviruses can be cultured, there is no susceptible cell line for many other human pathogenic viruses. In this case, the virus concentration may be estimated from molecular data collected by (semi-)quantitative and/or real-time polymerase chain reaction (PCR). Typically 10^6^ viral genomes can be detected in raw sewage as compared with 10^3^ infectious viruses ([@bib102]; [@bib64]; [@bib70]; [@bib116]). In these studies the applied sewage-treatment processes approximately resulted in a limited 1--2 log~10~-units reduction as assessed by culture or molecular techniques. In general, primary and secondary sewage-treatment processes do not efficiently reduce the virus concentration in contrast with tertiary processes ([@bib27]; [@bib102]; [@bib31]; [@bib116]; [@bib83]). Bacteriophages may be useful in assessing reduction of human viruses by wastewater treatment processes ([@bib72]). Wastewater treatment is warranted to reduce viral load in wastewaters discharging onto receiving waters ([@bib37]). However, since human viruses enter wastewater at high numbers wastewater will still contain viruses even after treatment. Therefore, in addition to wastewater overflows treated effluents will have to be taken into account as a significant source of viral pollution for wastewater used in agriculture and for surface waters used for aquaculture and fishery, recreational purposes or as a source for drinking water production. Moreover, both raw and treated sewage may contaminate groundwater through leakage ([@bib1]; [@bib8]; [@bib9]).

Common sources of faecal pollution, directly or indirectly contaminating surface waters with human pathogenic viruses, include raw and treated sewage, wash-off of animal manure, faeces from wildlife such as waterfowl or deer, grazing animals and vermin in and around reservoirs, backflow from unprotected connections and sewer cross connections. In river water samples enteroviruses, reoviruses, rotaviruses, HAV, astroviruses, TTV and NoV were detected in different countries around the world but these results are biased since most researches were done in Europe ([@bib77]; [@bib34]; [@bib101]; [@bib52]; [@bib18]; [@bib51]; [@bib43], [@bib121]). Viruses originating from discharge of treated-sewage water onto the receiving surface waters used for drinking water production (or recreational purposes) pose a health risk ([@bib98]). Most papers on viruses in surface waters document presence/absence data only but to be able to estimate the infectious risk by consumption of drinking water quantitative data are necessary. In some studies, the virus concentrations were determined in river water varying from 0.001 to 10 infectious entero- and reoviruses per litre to 5 to 5000 genomes for NoV and rotaviruses per litre of river water ([@bib43]; [@bib70]). Location-specific data on concentration and types of viruses in source waters and inactivation rates under the specific conditions in the specified waters are preferred for the hazard identification. In the absence of such data, virus data from other locations that may be considered comparable may also be employed. For instance, if treated and untreated urban sewage are discharged then it could be assumed that virus types such as enteroviruses and rotaviruses may be present and virus concentrations could be contracted from available studies. If there is sewage discharge from slaughterhouses, faecal pollution from wildlife such as wild boar or deer or wash-off of animal manure HEV and SaV could be present and may be carried to receiving waters. In case of rodent vermin hantaviruses could be expected.

### Exposure assessment {#section.0080}

In some regions in the world source waters that are used directly as drinking water receive human and animal excreta and secreta originating from bathers, animals, boats or indirectly from, for instance, wastewater discharges. In this case no reduction of viruses will take place before consumption. In other regions, the source waters are treated before use as drinking water. To be able to assess the ability of the system of concern to provide safe drinking water the viral hazards in the drinking water should be studied quantitatively.

#### Pathogenic viruses in drinking water {#section.0085}

A few studies have shown the presence of human pathogenic viruses in untreated or treated drinking water used in different regions around the world ([@bib65]). As described surface waters may be contaminated with viruses originating from a diversity of sources. Similar human and animal sources may contaminate groundwater that is insufficiently protected from external influences. This may be the case with semi- or unconfined groundwater from sandy saturated zones or from limestone or marl or with pre-treated, artificially infiltrated surface water or with bank filtered water. Groundwater was shown to be positive for viruses in 8 or 16% of the samples analysed ([@bib8]; [@bib29]). Reovirus, rotavirus, enterovirus, HAV and NoV were detected by molecular methods ([@bib29]). None of the samples was positive in case cell culture was applied to detect infectious enterovirus ([@bib29]). Another study revealed virus positivity in well waters by molecular (50%) and cell culture methods (5%; [@bib9]). The presence of NoV genomes could not be confirmed in mineral waters whether spring water or finished product ([@bib63]). Other studies confirmed virus-contaminated groundwater to be the source of outbreaks of acute gastroenteritis among hundreds of people ([@bib86]; [@bib59]). Interestingly in one of the studies the contamination appeared to be transient since none of the sequential well water samples were virus positive ([@bib8]). This may be due to short-term fluctuations in pathogen load caused by epidemics in the human or animal population, seasonal variations and/or incidents. The latter may encompass upstream (raw or treated) wastewater discharges, building of upstream sewage treatment plant or discharge, digging, drilling or maintenance near production site, injecting manure near unconfined source or discharge of polder waters near intake. Also heavy rainfall events, high river-/stream discharge and flow, high groundwater level, flooding of catchment/production site, thawing of (faecally contaminated) ice on reservoirs, frost leading to high numbers of birds on reservoirs and high numbers of birds (or other game) may be associated with peaks in faecal contamination of groundwater and also surface water.

Evidence has been published on the presence of human pathogenic viruses in treated water since drinking water treatment processes may have a limited capacity for virus reduction. Infectious rotavirus and enterovirus were detected in 83% of treated drinking water samples associated with rainfall but not with the presence of bacterial indicators ([@bib57]). In the African region, using cell culture, [@bib2] reported the presence of cultivable enteroviruses in 7 out of 30 finished drinking water samples at concentrations ranging from 5 to 33 plaque-forming units per litre. In Asian and African countries, integrated cell culture PCR enabled the detection of enteroviruses ([@bib123]), adenoviruses ([@bib117]) or both ([@bib66]; [@bib67]) in drinking water. With the use of only molecular methods the presence of several pathogenic viruses such as rotavirus ([@bib21]; [@bib120]), astrovirus ([@bib38]) and NoV ([@bib62]; [@bib42]) were detected in drinking water in European, African and Asian countries. In another study in Thailand, no HAV was detected in tap waters, but in Brazil, 20% of river and tap waters were HAV positive ([@bib60]; [@bib121]). In Canada, outbreaks were identified associated with the presence of HAV and NoV in drinking water ([@bib100]). In case of direct evidence for the presence of pathogenic viruses in treated or untreated drinking water by either molecular or cell culture or other techniques, the quantity and host specificity should really be determined to be able to perform QMRA.

#### Pathogenic viruses in source water and virus reduction by treatment {#section.0090}

The absence of pathogenic viruses in finished drinking waters does not exclude their presence but may merely indicate a lack of sensitivity of the detection techniques and/or the representativeness of the sampling. As shown with the recent advances in virus concentration and detection techniques more and more often human viruses are detected in tap water. However, at low dose viruses are still significant with respect to infectious and disease risk by exposure to drinking water because of their infectivity and pathogenicity and because of the large exposed population. An alternative approach in case of low virus concentrations in the finished waters is their detection in source waters combined with the assessment of the efficiency of drinking water treatment processes with respect to virus reduction. This approach ideally involves location-specific, quantitative information on the virus concentration in the source waters and virus reduction by treatment to estimate the virus concentration in the drinking water. In addition, information on the virus analysis, such as virus recovery rate of the method, infectivity and host specificity of the virus, are needed. Moreover, the local habits of drinking water consumption of the consumers should be known.

The recovery of the applied concentration--detection procedure should be determined to be able to accurately estimate the actual virus concentration. Loss of virus particles during the analysis will lead to underestimation of the infectious risk. Virus recovery rates depend on the employed concentration and detection methods, the volume of water to be concentrated, the turbidity of the water and the characteristics of the target virus ([@bib104]; [@bib49]; [@bib85]; [@bib92]). In order to determine the recovery rate of the sample analysis the procedure that is followed includes analysis of the viruses in the natural water sample and analysis of the same sample seeded with a specific dose of a known virus. This virus commonly involves the use of cultivable viruses such as specific enterovirus types or bacteriophages. These viruses are assumed to behave similarly to each other but differences in recovery between human and bacterial viruses have been reported ([@bib49]). Moreover, these model viruses often have undergone several passages through the susceptible cell line and are therefore considered cell line adapted strains, which will behave differently as compared with naturally occurring human pathogenic viruses in the environment. However, in the absence of alternative approaches experiments with model viruses need to be done preferably coinciding with each sample analysis since virus recovery rates have been found to be highly variable even when the virus and water type are kept constant ([@bib18]). In addition, in seed experiments often high virus levels are used to easily recover the model virus. But studies have shown that at the natural low dose virus recovery is lower and more variable ([@bib30]). Though many studies were undertaken in the past years, further optimisation of methods with respect to virus recovery is still warranted.

Since virus genomes may be present in the source water long after the virus particle has lost its ability to infect a host cell knowledge on the infectivity of the target virus is necessary to limit overestimation of the virus concentration and therefore the infectious risk. On the one hand, it may be argued that the detection of genomes of human pathogenic viruses in the drinking water is a necessary condition for the presence of infectious viruses. The employment of culture and molecular techniques in the detection of human pathogenic viruses in drinking water both encompass advantages and disadvantages. Susceptible cell lines are known for only some waterborne viruses and not for NoV ([@bib23]) and such cell lines may not be suitable for implementation as routine and robust diagnostic tools. Also, cell culture assays are laborious and expensive. On the other hand, plaque assays give quantitative results assuming that one plaque originates from one initial infectious virus particle. The latter may be another point of discussion ([@bib114]).

Often virus strains and types belonging to one virus family have a long history of developing their own host specificity ([@bib26]). These genetically related viruses may be detected by the use of the same molecular or culture technique but not each virus strain will be capable to infect the human host. In case of the detection of human and animal, but non-zoonotic virus strains the infectious risk would be overestimated. Examples of such virus families are enteroviruses and adenoviruses ([@bib28]).

A few studies have been done on human pathogenic viruses at the intake point of drinking water suppliers. During an extensive study period of 9 years, 9% of source waters for drinking water production were positive for the presence of reovirus at relatively low titres but enterovirus or adenovirus were not detected ([@bib103]). Rotaviruses were detected in source waters by use of molecular techniques ([@bib120]). The use of indicators for the presence of human pathogenic viruses in source waters has been reported with highly variable success with respect to correlation between index and indicator organisms ([@bib10]). The QMRA ideally involves location-specific, quantitative information on the virus concentration in the source waters that is representative for the time period including potentially wide quality fluctuations within it. Alternatively, literature data may be used but as shown such data are scarce.

Also location-specific, quantitative information is needed on virus reduction by treatment. Treatment may include a multiple barrier approach and/or point-of-use treatment in the home. Indicators such as somatic phages or F-specific phages with similar characteristics (size, surface charge, shape etc.) may be used in experiments to determine the efficiency of virus reduction ([Table 4](#tbl4){ref-type="table"} ). These viruses that prey on specific bacterial hosts occur at higher numbers, which facilitates their detection after treatment ([@bib88]). The ease and relative cost of phage detection is another advantage over human pathogenic viruses. Comparative analyses of the index and indicator virus reduction by the specific treatment step should show first that these viruses behave similarly as was performed by [@bib89].Table 4Characteristics of human pathogenic viruses and their possible indicators ([@bib25])Virus typeSize (nm)pIPhage typeSize (nm)pIPoliovirus 1297.2PM2607.3Poliovirus 2294.5--6.5PM2607.3Coxsackie virus A/B296.6-8.2ΦX174, PM226--32, 606.6, 7.3ECHO virus295.3--6.4ΦX174, Qβ26--32, 246.6, 5.3Hepatitis A virus272.8MS2263.9Hepatitis E virus30--------Norovirus254.9♯Qβ, PRD124, 635.3, 4.2Sapovirus34--------Reovirus753.9MS2263.9Rotavirus70--------Astrovirus29--------Adenovirus60--80--------[^2]

Field data on pathogen removal or inactivation derived from the applied treatment plant is the most significant input for the QMRA but may be difficult because of low-level contamination or lack of methodology. Some field studies have been described. Analysis of viruses in drinking water produced by coagulation, sedimentation, sand filtration and chlorination showed 83% of the samples positive for infectious rotavirus and/or enterovirus ([@bib57]). The overall reduction of enteroviruses for similar processes in a 1-year study at 7 treatment plants was 99.97% with different coxsackie virus types B, polioviruses and echovirus identified in the finished drinking waters at an average concentration of 0.0006 infectious viruses per litre ([@bib90]). Though in another study including 6 waterworks 11 out of 55 samples of partially treated waters were positive for different types of enteroviruses, no viruses were detected in 100 samples of finished drinking water ([@bib119]). The evaluation of enteric virus and bacteriophages removal at three treatment plants did not show any positive results for viral presence in finished waters ([@bib89]). Conventional treatment was insufficient for the reduction of enteroviruses in case of highly polluted intake water ([@bib2]). Pilot plants on site are usually very similar to the operational plant and less troublesome for the retrieval of data because of the smaller scale. The removal of feline calicivirus and different phages was evaluated during conventional drinking water treatment ranging from 1.85 to 3.21 log~10~ units ([@bib33]). Laboratory experiments, for instance, with the specific source water and sand from an applied rapid sand filter will also generate useful data. Comparison of the removal of viruses and phages for a point-of-use treatment unit showed (more than) 5 log~10~-units reduction for somatic phages and MS2 coliphages and poliovirus, HAV, adenoviruses, rotaviruses and astrovirus ([@bib39]). If facilities for collection of field, pilot plant or laboratory data are missing, literature data on similar systems as determined by specific control parameters may be employed but though not complete, the overview above shows again that limited data are available on human pathogenic viruses.

#### Fate and behaviour of viruses during transport and storage {#section.0095}

Human pathogenic viruses may be present in tap water depending on the concentration in the source water and in case of treatment on the efficiency of the treatment processes with respect to virus reduction. The concentration of pathogenic viruses in the drinking water can be used to assess the health risk associated with the consumption of tap water, as has been done for different viruses (see Section *Risk characterisation*). However, the previous studies have not taken into account the dynamics of human pathogenic viruses meaning the variations in the prevalence and infectivity of viruses during transport and storage. First of all, though human and animal viruses do not grow during transport and storage, sanitation and hygiene problems may cause (re-)introduction of pathogens in the drinking water that may survive for the duration of storage as was shown for bacteriophages. In case of a piped distribution system, the virus concentration in tap water is determined by the viral burden of the source water on one hand and reduction by applied treatment processes (if this is the case) and during transport on the other hand. Reduction of viruses in drinking water may be caused if temperatures are high, i.e., most viruses are readily inactivated at over 20°C ([@bib55]). Exposure of the viruses to, for instance, sunlight as well as other environmental factors will decrease the numbers of viruses rapidly ([@bib74]). Again (re-)introduction of human pathogenic viruses may occur during maintenance and repair practices ([@bib46]). Second, biofilms may play an important role with respect to virus concentrations in the finished waters ([Fig. 2](#fig2){ref-type="fig"} ; [@bib107]). Since it has been shown that viruses can attach to biofilms, there is a possibility that drinking water biofilms accumulate pathogenic viruses present in the water entering the distribution system acting as an additional removal process. On exposure to single viruses or sloughs containing viruses released from biofilms the consumer could be infected. Data on fate and behaviour of human pathogenic viruses during transport and storage are extremely limited but this information is of importance with respect to intervention measures.Fig. 2Parameters that control virus behaviour in drinking water distribution systems. Viral inactivation was considered as follows. 'Inactivation W' corresponds to the inactivation of virus in the water phase; 'Inactivation B' corresponds to the inactivation of virus in biofilm; 'Inactivation BW' corresponds to the inactivation of virus entrapped or attached to biofilm and released into the water phase by sloughing or erosion. Solid hexagon, free or particle-associated virus that is able to infect target cells; open hexagon, free or particle-associated virus that is not able to multiply anymore. From [@bib107].

#### Consumption of drinking water {#section.0100}

Here consumption of drinking water is discussed as route of transmission for human viruses disregarding exposure of the skin, eyes, ears and other body parts. Besides estimation of the concentration of virus in drinking water the assessment of the health risk posed by consumption of drinking water requires estimation of the volume of drinking water ingested and the response of the host to the ingested dose of viruses. Since waterborne viruses are readily inactivated at high temperatures the risk relates to the use of unboiled drinking water, e.g. excluding the consumption of tea but including the water used for washing salad and for making ice cubes.

Global data on the consumption of drinking water are limited especially for the developing regions. In studies carried out in Canada, The Netherlands, the United Kingdom and the USA, the average daily per capita consumption was usually found to be less than 2 l, but there was considerable variation between individuals in different countries and within the same country. The daily median intake of cold tap water in The Netherlands was 0.052 l, in Germany 0.15 l, in the United Kingdom 0.475 l, in Sweden 0.8 l and in Australia 0.5--1 l ([@bib80]; [@bib127]). Another study in The Netherlands showed a daily median intake of cold tap water of 0.153 l, threefold higher than the study mentioned above ([@bib113]). As water intake will vary with climate, physical activity and culture, the above studies, which were conducted in temperate zones, can give only a limited view of consumption patterns throughout the world. At temperatures above 25°C, e.g. there is a sharp rise in fluid intake, largely to meet the demands of an increased sweat rate ([@bib137]). Other factors such as changes in cultural behaviour because of public awareness through information to the public or changes in the drinking-water demand or supply may also play a role in the habits of drinking water consumption. In the WHO GDWQ with respect to microbial hazards, per capita daily consumption of 1 l of unboiled water was assumed.

### Dose--response modelling {#section.0105}

The number of virus particles necessary to initiate an infection or even disease in the susceptible host after ingestion may be as low as a few particles or even a single particle ([@bib126]; [@bib69]). The host may not experience symptoms though often acute symptoms will occur. These symptoms may be mild, severe and/or life-threatening (see Chapters 2, 3 and 4). A virus infection may become chronic and/or health effects may be delayed, so-called sequelae. Each of these health outcomes may result from infection with one and the same virus variant. For instance, infection with coxsackie virus variant B4 may pass unnoticed, cause gastroenteritis, cause myocarditis or diabetes or lead to infant death. The dose--response relation describes the quantitative relation between the intensity of exposure, i.e. the dose (here pathogenic viruses in drinking water), and the frequency of the occurrence of the adverse health effect within the exposed population of hosts, i.e. the response (here number of cases with specific symptoms in the human population). Available dose--response data have been obtained mainly from clinical studies including healthy adult volunteers but (premature) infants were included in some other studies ([@bib113]). The dose--response relations have been determined for oral ingestion of some specific variants of waterborne rotavirus and enteroviruses during volunteer studies ([Table 5](#tbl5){ref-type="table"} ).Table 5Infectivity of specific waterborne virus variantsOrganismsSymptom scored$P_{\inf}^{*}(1.0)$ID~50~Rotavirus[a](#tblfn5a){ref-type="table-fn"}Excretion2.65×10^−1^6.11Echovirus 12[b](#tblfn5b){ref-type="table-fn"}Excretion1.76×10^−3^1.05×10^3^Poliovirus 1 smExcretion3.88×10^−1^1.411 1 LSc2abExcretion7.14×10^−4^6.93×10^4^ 1Excretion9.10×10^−3^76.2 3 Fox (infants)Excretion1.90×10^−1^5.513 3 Fox (premature)Excretion2.66×10^−1^5.05[^3][^4][^5][^6]

As shown in [Table 5](#tbl5){ref-type="table"} the probability of infection after consumption of one infectious virus may range from 0.000714 for poliovirus type 1 LSc2ab to 0.388 for poliovirus type 1 sm. The number of viruses that cause infection in 50% of the human volunteers may vary from 1.411 poliovirus type 1 sm to 69,300 poliovirus type 1 LSc2ab. These findings demonstrate the variability in infectivity not just between virus families but also between virus types and even between virus variants affecting the QMRA. On the other hand, it may reflect differences in exposed populations (from neonates to adults) and ways of exposure (ingestion to bathing). In case of a specific human pathogenic virus variant detected in a known fraction of the drinking water than specific dose--response relation should be used. However, often exposure is determined for a broad class of pathogens, like enterovirus concentrations as determined by use of a specific susceptible cell line (most commonly Buffalo green monkey, BGM). For such a large family of viruses a dose--response relation can be defined, but this should include an additional level of variation: differences in infectivity (and/or pathogenicity) between related virus strains. A hierarchic dose--response model could be applied, accounting for variability both within and between pathogenic virus strains (Teunis, personal communication).

Besides viral characteristics, such as high infectivity and recombination, the host characteristics largely determine the adverse health effects. Genetic predisposition may render an individual susceptible or insusceptible to a specific virus infection as described for HIV ([@bib87]) and NoV ([@bib69]). Other host susceptibility factors include nutrition, age, pregnancy and immune status. Some of these factors are preventable such as nutrition whereas genetic background cannot be altered.

### Risk characterisation {#section.0110}

The concentration of pathogenic viruses in the drinking water (either directly determined or derived from location-specific data on human pathogenic viruses in source water and virus reduction by treatment) in combination with the dose--response relation can be used to assess the health risk associated with the consumption of drinking water. Several QMRA studies were performed to estimate the risk for exposure to drinking water contaminated with adenovirus, rotavirus and coxsackie virus ([@bib96]; [@bib41]; [@bib32]; [@bib16]; [@bib79]; [@bib118]). These studies involve static QMRA models ignoring the dynamics of a viral disease process in the exposed population with respect to the different transmission routes for the same pathogen, immunity, secondary transmission and genetic predisposition. These factors are included in a dynamic QMRA model ([@bib24]) but these have not been applied to date for estimation of the health risk associated with the consumption of virally contaminated drinking water. Anyway, the degree of confidence in the final risk estimate will largely depend on the assumptions, the uncertainties and variability of the data on which the QMRA is built and these need to be determined. Moreover, a level of tolerable risk needs to be set by the risk managers. For human pathogenic viruses to date the most common tolerable risk level was established at less than one infection in a population of 10,000 persons per year but this is to be discussed and decided by all parties involved in drinking water safety. More recently the WHO GDWQ use a reference level of risk of 10^−6^ DALY per person per year.

Risk management {#section.0115}
---------------

Given the assessment of the risk of viral disease from consumption of drinking water, the risk managers have to select and implement appropriate control measures. These may involve cost-effectiveness reasoning. After implementation of a selected intervention, the effectiveness needs to be evaluated by surveillance of viral disease. In addition, environmental surveillance analysing the numbers of viral pathogens in the drinking water or alternatively in the source waters may be helpful in evaluating source protection interventions. Interventions may vary from additional research in case the risk estimate is unacceptably uncertain. In case of an unacceptable health risk the intervention may concern an additional treatment step in the process specifically designed to reduce human pathogenic viruses from the source water. Alternatively, the intervention may involve enhanced source water protection by barring virus-positive animal hosts or reducing contamination in distribution.

Besides a system assessment, the WSPs of each drinking water supply should include operational monitoring. Control measures need to be identified that control identified risks and ensure health-based targets are met. For each control measure identified, an appropriate means of operational monitoring should be defined that will ensure that any deviation from required performance is detected in time. Operational monitoring normally focuses on simple, cheap and rapid tests and as such microbial testing is rarely applicable.

For purposes of verification as opposed to operational monitoring, *E. coli* bacteria are measured. In case of the presence of this faecal indicator, the drinking water could be contaminated with human pathogenic viruses. The appropriate management action could, for instance, be a boiling water advisory. It would be inappropriate to perform retesting of the same sample or resampling because the basis for *E. coli* testing as a verification measure is the good performance of the test as laid down in standard operating procedures and its use as indicator. Retesting and resampling would take even more time and this should be spent on finding the fault or source of contamination to be able to protect public health. Again end product monitoring is useful in this way but system assessment and operational monitoring can elucidate the actual ability of the drinking water system to provide safe drinking water also with respect to human pathogenic viruses.

Risk communication {#section.0120}
------------------

Communication of the viral risk estimate and the proposed risk management measures contributes to the improvement of the drinking water safety with respect to human pathogenic viruses. Dissemination involves not only risk managers (policy makers and inspectors) and risk assessors but consumers and suppliers of drinking water alike. For this purpose tools such as brochures and websites should be attuned and transparent. In The Netherlands, a webtool for the assessment of risk by non-experts was launched simultaneously with the Inspectorate guideline for analysis of microbial safety of drinking water ([@bib19]) to be used by Dutch policy makers and inspectors and will be released for use by other interested parties.

Concluding remarks and recommendations {#section.0125}
======================================

The global supply of safe drinking water should be considered with an open mind to the possible viral threats. The potential transmission of (re-)emerging human pathogenic viruses should be assessed based on research. For instance, foot-and-mouth disease viruses were considered to be solely respiratory pathogens and therefore their potential as possible waterborne pathogens was disregarded. Not that these viruses display a major threat to the drinking water supply or human health ([@bib99]) but animal health is endangered and at least the risk should be assessed instead of hypothesised. Recently this has received a great deal of attention for the emerging disease SARS: the associated coronavirus was evaluated with respect to possible shedding and transmission routes including water. The same is true for avian influenza viruses which occasionally infect humans from their animal reservoirs mostly by close contact; the potential risk of waterborne transmission was estimated ([@bib131]). Theoretically, viruses could be considered as biocolloids with specific properties such as size, shape, structure, charge, composition, genome, etc. These viral characteristics determine their behaviour in the environment, resistance to natural inactivation and treatment and disinfection processes. For each (re-)emerging virus these properties may be known or could be assessed predicting the effectiveness of possible intervention measures for prevention of waterborne disease. In this respect, free data sharing among researchers and risk managers in times of emergencies and disasters as encouraged by WHO is one of the keys to successful reduction of the environmental spread of pathogenic viruses and reduced burden of water-transmitted viral disease.

[^1]: *Note:* +, studied and confirmed; --, studied but not detected; ?, no studies included in publications shown by search engine NCBI PubMed.

[^2]: *Note:* ECHO, enteric cytopathogenic human orphan; Reo, respiratory enteric orphan; --, unknown; nm nanometer; pI, isoelectric point; ♯, determined for Norwalk-like virus particles.

[^3]: *Source:* From [@bib113].

[^4]: *Note:*$P_{\inf}^{*}$, conditional probability of infection; ID~50~, number of microorganisms required to cause infection in 50% of experimentally infected animals, a measure of infectivity.

[^5]: Administered in pH-buffered solution.

[^6]: Rejected at the 95% level, within 99% confidence range for the deviance from maximum possible likelihood.
